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ABSTRACT

The stress intensity factor for the sheet and the force in the most
highly loaded stringer were detarmined for a centrally cracked cheet
stiffened by riveted, uniformly spaced and sised stringers of which various
numbers were assumed to be broken. Also determined were the effects of
stringer stiffness, stringer spacing, and rivet spacing.

The principal results of the analysis are:

1. Broken stringers cause higher stress intensity factors,

especially when the crack tip is near a broken stringer.

2. Once the crack tip extends beyond several intact stringers, the
stress intensity factor is no longer strongiy affected by
broken stringers, and it is reduced by the use of stiffer or
more closely spaced stringers or smaller rivet spacing.

3. Broken stringers cause a higher load concentration in the
adjacent stringers. The load concemtration is lower for stiffer
stringers.

Residual stremgths and fatigue-crack-growth lives were calculated for

a stiffemed 2024-T3 sheet, with and without a broken stringer, and an

unstiffened sheet. The sheet was assumed to fail before the remaining

stringers. The strengths and lives for the stiffened sheet with a broken
stringer were only slightly lower than those without a broken stringer,

and were much higher than those for an unstiffened sneet. They were also
higher for stiffer or more closely spaced stringers or more closely spaced

rivets -—— much as when all stringers are intact.



INTRODUCTION

To comply with fail-safe and damage tolerance design criteria for
aircraft structure, design methods are required to predict fatigue-crack-
growth life and residual strength of cracked and damaged structure. Sheet-
stringer type construction is widely used in aircraft and is generally
regarded as a redundant type of construction that has inherent fail-safe
and damage tolerant capabilities. In a previous investigation (rz=f. 1), the
stress intensity factor for the sheet and the forces in the most highly
loaded rivet and stringer were determined for a centrally cracked sheet with
riveted and uniformly spaced stringers.

Because both sheet and stringer can develop cracks at a fastener hole
or be demaged accidentally, multiple cracks cr failures must be taken into
account. Consequently, in the present investigation, the stress intensity
factor for the sheet and the force in the most highly loaded stringer were
calculated for a stiffened sheet with various numbers of brokem stringers.
The effects of systematic variations in stringer stiffness, stringer
spacing, and rivet spacing were also determined. The present analysis
method was that used in reference 1, but modified to account for the broken
stringers. .

To interpret the results, the stress intensity factor was used to
calculate residual strengths and fatigue-crack-growth lives for a stiffened

vanel with and without broken stringers.
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LIST OF SYMBOLS

influence coefficient

influence ccefficient
half-length of «rack

influence coefficient

influence coefficient

stringer spacing

specific value of stringer spacing
rivet diemeter

Young's modulus of elasticity
ultimate tensile strength

stress intensity factor

critical stress intemsity factor
stringer load concentration factor
number of broken stringers
number of rivets

rivet spacing

rivet force

applied stress

thickness

displacement

relative displacement

stringer width

ratio of stringer stiffness to total stiffness

W



Subsoriptsa:

i at ith rivet

J at jth rivet

n at nth rivet

8 pertaining to stringer
lim limiting

Superscripta:

bs broken stringer

FORMULATION OF PROBLEM

Figure 1 shows a sciffened sheet with a crack in the sheet extending
equally from opposite sides of a rivet. The stringers and rivets are uniform
in size and spacing. One of the stringers that intersect the crack i-
broken. (The formulation is applicable to any number of brokem stringers
as long as symmetry is maintained.) The sheet and stringers, which can be
of different materials, are subjected to the uniaxial stresses S and SE./E
respectively, which produce equal strains at large distances from the crack.
A state of plane stress is assumed to exist and all forces g 2 assumed to
act at the midplane of the sheet.

The stress intensity factor for the sheet and strincer load concen-
tration factor were calculated as in reference 1 except that the equations
for the unknown rivet forces were modified to account for the broken
stringer. These modifications are shown in the Appendix.

Because the stiffened sheet in figure 1 is infinite in extent, the

number of unknown rivet forces is likewise infinite. However, because the

L



remote stresses in the sheet are wmaffected by the crack, the remote rivet
forces are small and can be neglected. It was found in reference 1 that the
calculations were affected by less than 1 percent when they accounted for
only those rivets within a rectangular region with a height equal to 2a

(or 20 rivet spacings, whichever was larger) and with a width extending
beyond the crack tips to include the next stringers (see figure 1).

When stringers are broken, however, the stresses in the sheet are af-
fected over a larger region. For this reason the height of the region in
figure 1 was increased to 12a or 20 rivet spacings, whichever was larger.
Moreover, the region over which the stresses are affected is larger for
stiffer stringers, and becomes infinite for rigid stringers. Consequently,
calculations were made only for v < 0.7 where U is the ratio of the stiffness
of the stringers alone to the stiffness of the stringers and sheet. For the
uniformly stiffemed sheet,

(1)
To reduce the mumber of unknowns, the rivet spacing p beyond the height 2a

was increased to S5p. This reduced the number of unknowns by 2/3 (still two
times that for all-intact stringers) and reduced the computing time by 90
percent. The effect of this reduction on the accuracy of the oalculations
was small. The accuracy was checked by increasing the height of the region
to 4Oa and the width to include four additional stringers. The results were
found to be affected by less than 5 percent for one broken stringer and less
than 10 percent for three broken stringers withu = 0.7. Thesa errors



depended strongly on p and, for i = 0.5, were less than one-half those
for u = 0.7. In all .ases the stress intemsity factor and the force in the
most highly loaded stringer that were calculated for the region of height

12a were higher than those calculated for the region of height L0Oa.

RESULTS AND DISCUSSION
Stress Intensity Factor for the Sheet

Figure 2a ghows the stress intemsity factor plotted against half-length
of the crack for various numbers of brokem stringers, M,+ For the case of a
single broken stringer, figures b - 2d show the effects of stringer
stiffness, I;ivet spacing, and stringer spacing. Because variations in rivet
diameter and stringer width have only a small effect, values of 4 = p/L and
w = 53 were used for all the calculations.

Figure 2a ghows that the stress intensity factor is higher when the
stringers are broken than when all stringers are intact, and increases with
the number of broken stringers. When a crack tip is near a broken stringer,
the local transfer of load from the broken stringer into the sheet at the
first rivet causes the siress intensity factor to be higher than that for
an wnstiffened sheet., However, when a crack extends beyond the nearest
intact stringer, the stress intensity factor is reduced below that of an
unstiffened sheet (K/S\/ma=1). Also, when a orack extends beyond several
intaoct stringers, the effect of the broker stringers become small, especially
for a single broken stringer.

Figures 2b and 2c ghow that, when a crack tip is short of the first
intact stringer and is influenced largely by the broken stringer, the stress



intensity factor is higher for stiffer stringers and more closely spaced
rivete. In this case the stiffer stringers transfer a larger load into the
sheet near the crack tip and the more closely spaced rivets transfer the
load into the sheet closer to the crack tip. However, for longer cracks,
the curves oross and the sequence is inverted.

Figure 24 shows that for all crack lengths, the stress intemsity
factor is lower for more closely spaced stringers.

Thus, for long cracks when the crack extends beyond the nearest intact
stringer, the effect of stringer stiffness, stringer spacirg, and rivet

spacing is the same with and without broken stringers.

Stringer load Concentration Factor

When one or more stringers are broken, the pair of intact stringers
nearest the center of the panel are the most highly loaded. Figures 3a -~
34 show the stringer load concentration factor for the most highly
loaded stringer plotted against half-length of the crack for the same

variables shown in figures 2a - 24. The stringer load concentration

factor L was defined (ref. 1) as the ratio of the maximum force in the

stringer to the remote force applied to the stringer.

L is essentially unity for small cracks and increases with increasing
crack length., Figure 3a shows that for long cracks, the curves approach
limiting values that increase with the rnumber of broken stringers. In
reference 1 it was shown for all intact stringers that L asymptotically
approached a limiting value with increasing crack length and that this

value was given by



(2)
Making the simplifying assumption that all of the load in the broken

stringers is transferred to the nearest intact stringer on either side of

the crack, the limiting value of L is

1 1
= + =N
Llim v 2 {b

(3)

The values of Ly, &iven by equation (3) are shown on the graph. For long

cracks, the calculated values of L approach the appropriate Ljjipy,

Figures 3b - 34 show that L is lower for stiffer stringers and that,
for larger values of rivet and stringer spacing, longer cracks are required
for L to reach Ljjp. In these cases also, the calculated values of L
approach the appropriate Ljjip.

Thus, for all crack lengths the situation for broken stringers is much
the same as for all stringers intact exsept that the stringer load
concentration factor is increased by % M, due to the broken stringers.

The Effect of Broken Stringers on Residual Strength
and Fatigue-' ‘raok-Growth.

Because broken stringers affect the stress intensity factor differently
for short and long oracks, figure 2 does not suggest a stiffened sheet
configuration which is optimum with respect to design oriteria for fatigue
and fracture. For this reason, calculations were made for the residual
strength and fatigue-crack-growth life of a stiffened 2024-T3 aluminum sheet



with a broken stringer. The fatigue crack growth and fracture toughness

properties in reference 2 were used.

Residual strength

Figure 4 shows the nominal stress that must be spplied to the stiffened
sheet with one broken stringer to produce K = Kc, the critical value. The
values are plotted against the half-length of the crack. Curve -hown
for various values of stringer stiffness and, for compurison, -. unsti:  ned
sheet and a sheet with all stringers intact. Assuming that the sheet will
fail before the remaining stringers, the residual strength (defined here as
the stress required to fail the sheet) is given by the highest point on a
curve to the right of the initial crack length. Note that the peaks of the
curves essentially approach a constant height as the crack becomes long.

For y = 0.5, the curve for one broken stringer approaches that of the
curve for all string.rs intact. Consequently, the residual strengths of a
sheet with a broken stringer and one with all intact stringers will be
esgsentially the same.

The curves for the various values of u show that, except for very small
cracks, the strength of a sheet with a broken stringer is higher with stiffer
stringers much as wvhen all stringers are intact., Similarly, the strength can
be shown to be higher for more closely spaced rivets and stringers.

In the case where additional stringers would -1il before the sheet, the
use of stiffer stringers would also increase the rewidual strength by lowering
the stringer stress. However, the use of more closely spaced rivets and

stringers could ocause some decrease in residual strength because



of an increase in stringer stress. Space limitations do not permit this

case to be discussed here in detail.

Fatigue-crack-growth life

Figure 5 shows the flights to failure plotted against initial half-

length of crack for a stiffened@ sheet with one broken stringer. Curves are

ghown for various values of stringer stiffness and, for comperison, an
unstiffened sheet and a sheet with all stringers intact. A typical gust-
loading spectrum and 1lg stress for a transport airplane with a ground-air-
ground cycle was assumed. The sheet was assumed to fail before the remaining
stringers, and nonlinear load spectrum effects such as retardation were not
taken into account. Because the residual strength of the stiffened sheets
was not exceeded, failure was defined arbitrarily to be a half-length of
crack equal to three times the stringer spacing.

The curves show that, except for very small initial crack lengths, the
fatigue-crack-growth life of tiu sheet with one broken stringer is not
significantly less than that of the sheet with all stringers intact ari ‘s
orders of magnitude greater than that for an unstiffened sheet.

The curves for various values of yu show that the fatigue-cravk-growth
lives of the sheet with one broken stringer are longer for stiffer stringers,
much as when all stringers are intact. This can also be shown for more
closely spaced rivets and stringers.

CONCLUSIONS

The stress intensity faotor for a stiffened sheet is higher with one
or more broken stringers than with all stringers intact, expecially vwhen
the orack tip is near a broken stringer. Eowever, if the orack tip extends

10



beyond several intact stringers, the stress intensity factor is not strongly
affected by broken stringers and is &maller with the use of stiffer and more
closely spaced stringers and smaller rivet spacing.

Broken stringers also cause a higher load concentration in the adjacent
stringers. The load concentration is lower for stiffer stringers.

For the case vhere the sheet fails before the remaining stringers, the
residual strengths ané fatigue-crack~growth lives for a stiffened 2024-T3
aluminum sheet were only slight., lower with a broken stringer and were much
higher than those for an unstiffened sheat. They were also higher for
stiffer and more closely spaced stringers and more clouely spaced rivets --
much as when all stringers are intact.
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APY JIDIX

MODIFICATIOR OF RIVET FORCE EQUATIONS
TO ACCCUNT FOR BROKEN STRINGERS

The equations for the unknown rivet forces were obtained by modifying
those in reference 1 to account for broken stringers. The notation in figure

6 for three broken stringers is used. Because of symmetry, only those rivets

in one quadrant are included.

The displacements of the rivets in the broken stringers can be written

~bs

v, + v, (i =1, 2, ....n)
vbs _ 1l i
1 =bs (%)
Vel t Yy (i = n+¥1, n+2, ....2n)
where vy and vn+1 are displacements of the sheet at the first rivets and
;gs are displacements of the broken stringers at the ith rivet re.ative to
the first rivets. The displacements V?S can be written in terms of influence
coefficients as
& -s =S
Ai,j Q'3 + BiSEs/E (i=1, 2, ....n)
J=2
-bs _
Vo= (s)
2 ] S
L Ry + §iSEs/E (i = n+l, n+2, ....2n)
=n+2



The coefficients in equation (5) can be determined approximately by the
superposition of the problems in figure 7. (Notation is shown for the
central stringer.) Using the coefficients in reference 1 for a finite

width stringer and subtracting the displacements at the first rivets,

28 _ a5 _ a8 _ a8 s

Ajg = Apy - Ay - A+ Ay,

=8 = 8 8 - -] 8 =

Bi Bi - vtsAn Bl + thAn (=1, 2, ...n)

and for the other stringer

(6)
=8 8 8 8 8
Ay = Ay - A i YA, Y Ay,
8 S 8 8 8
By =B - VAl a1 " Boaa * YAl nel (1 = o1, me2, ...2n)

Equation (6) satisfies the condition of zero force at the break in the
stringers, but not zero normal stress. Egquating the displacements as the
rivets in the sheet and stringers as in reference 1 and using equation

(4) for the broken stringers, the equations for the unknown rivet forces are

n 2n
(g + Ry =y = Ay A0y + 00 Ay =y = Ay
322 gt Ay Ay At L My Ayt Aem

N
Al * ;;01 (Ay - Ayy)Qy + E;E-/E =By ¢+ By - (A - Ay,

+ Ai’nﬂ - Al’nﬂ)vtsE’/E]S =0 (1 =2, 3, ..n)



(i = n*2, n+3, ...2n)
and

2n

n N
s
25 (g - Ay + ?;m (Ayy = Ay ne)9y * ng:zm (A, + A;,)Q

S

S,
+ [BiEs/E - B, - (Ail + Ai'nﬂ)vths/lﬂS =0 (1)

(i = 2n+1, 2n+2, ...K)

From equilibrium, the forces in the first rivets of the broken stringers

are

2 Q + SEwt /E = 0 (i=1)
on (8)
st:m1 Q, + SEwt_/E =0 (1 = n+1)

Equations (7) and (B) can he easily extended to any other number of broken

stringers.



Figure 1.~ Cracked sheet with riveted and uniformly spaced stringers.



(c) Effect of p

Pigure 2.~ Stress intensity factor for sheet with broken stringers.



(c) Effectof p (d) Effect of b

Figure 3.~ Btringer load concentration factor for most highly loaded stringer.
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Figure 6.- Notation for rivet forces.



Figure T.- Superpositions of problems for displacements of a
broken stringer.



